Abstract-In this paper, a multiphysical proton exchange membrane fuel cell stack model, which is suitable for real-time emulation is presented. The model covers three physical domains: electrical, fluidic, and thermal. A Ballard 1.2 kW 47 cells fuel cell stack model is introduced. The corresponding fuel cell system auxiliary models are given based on experimental tests. Based on the modeling equations, the fuel cell dynamic phenomena in different physical domains are analyzed and the corresponding time constant expressions are given. Using the real-time stack model, a fuel cell stack emulator based on a buck converter is used to emulate the fuel cell stack electrical part. The experimental results show that the emulator can reproduce the real-stack behavior with a great agreement. Such a fuel cell stack emulator can be used for hardware-in-the-loop applications, in order to test and validate the fuel cell system design.
F
UEL cells technology, recently, a very active research field because of many possible applications in distributed generation solutions. Fuel cell systems are complex multiphysical systems, which covers three major physical domains: electrical, fluidic, and thermal. A stand-alone proton exchange membrane (PEM) fuel cell stack itself cannot be used directly as an energy supply and require stack control and energy management. The fuel cell dc output voltage is highly dependent to the current, which imposes a high-output voltage variation. The voltage variation range is not acceptable for most of the dc electrical devices. Moreover, if the electrical device needs an ac supply, the fuel cell system must be connected to an inverter to provide alternating current [1] .
One of the key challenges of fuel cell systems is the design of an appropriate power converter for conditioning the power output. During the design phase, the converter needs to be tested and adjusted with the real-fuel cell stack, and then, it must be validated. However, the design and the development of fuel cell auxiliary systems, such as testing of air compressor control, power and energy management, and performance optimization may damage a fuel cell very easily. In addition, fuel cell test costs (hydrogen consumption and the need of safety installations) are still relatively high, in addition of the requirement of safety and special installations to conduct experiments with a real-fuel cell. The aforementioned drawbacks support the interest in designing a PEM fuel cell real-time model-based emulator for hardware-in-the-loop (HiL) applications. In fuel cell system power converter design as well as in other developments, the fuel cell auxiliaries can be tested and improved with the realtime fuel cell emulator initially without any risks for the fuel cell stack, with low cost of operation.
A fuel cell model-based emulator requires that the output physical quantities, such as voltage of a real stack must be reproduced accurately by the emulator. The computation time of the emulator should be in real time for HiL tests. Therefore, the model complexity is a compromise between accuracy and computational speed. In addition, as mentioned earlier, the realtime model should be multiphysical model in order to simulate the different physical phenomena occurring in the fuel cell stack.
Different approaches for fuel cell models are found in the literature [2] - [9] , but few of them considered the detailed fluidic and thermal behaviors. Most of the proposed models are singledomain models. Some of them considered the fluidic domain in the fuel cell. But the complete electrical, fluidic, and thermal phenomena are never included in a single model as proposed in this paper.
Moreover, many real-time PEM fuel cell emulators have been proposed [10] - [15] . A common drawback of these emulators is that the fuel cell models used for the emulator are too simplified and do not represent accurately all the system physics and nonlinearities. Most of these proposed emulators consider only the electrical system level or an electrical equivalent model. In fact, a fuel cell is a multiphysical system and other physical domains, such as fluidic and thermal phenomena should be considered in the model.
In this paper, a complex multiphysical model is shortly presented in a first part. This model can predict the fuel cell stack behavior in different physical domains. With the model equations, a fuel cell dynamic phenomena analysis is done. The proposed multiphysical model is then implemented in a realtime system for simulation. The design of the fuel cell emulator using a dc/dc buck converter is detailed in a second part. The experimentation in the last section shows that the emulator can reproduce the fuel cell power output very accurately and fuel cell physical quantities in different domains can be supervised during the emulator operation. [16] and [17] .
More informations for the sources of the physical equations presented hereafter in modeling sections can be found in detail in [16] . Table I gives all the indexes used model equations in the following sections.
A. Cell Electrical Model
The single-cell voltage output can be computed using the following equation:
where E cell is the single-cell electromotive force (V), V act is the cell activation losses at catalyst layer (V), and V ohm is the cell resistive losses (V). The cell electromotive force can be obtained from the Nernst equation as follows:
where T is the temperature of the cell (K), E 0 is the reversible nearest potential for single cell (1.229 V), T c is the temperature correction offset (298.15 K), P O 2 is the oxygen pressure (atm) at the interface of cathode catalyst layer, P H 2 is the hydrogen pressure (atm) at the interface of anode catalyst layer, R is the ideal gas constant (8.31 J/mol), and F is the Faraday constant (96 485 C/mol). It should be noted that the gas pressures used in the model are the pressures at the interface of the catalyst layers of the anode and cathode sides. The well-known "concentration losses" in a fuel cell are due to the pressures drop through the gas diffusion layer (GDL) (i.e., from the gas channels to the catalyst interface). If the channels pressures are used in (2), the equation should take into account a concentration losses correction term in addition to (1) . But in the proposed model, the pressures of the species at the catalyst layer can be directly obtained due to the fluidic model presented hereafter. Thus, a concentration losses term is not necessary in (1) for this model.
The dynamic activation losses voltage V act (V) due to the "double-layer effect" in the electrical domain is as follows:
where C dl is the single-fuel cell double-layer capacitance (F). The cell static activation losses η act (V) can be obtained from the well-known Butler-Volmer potential equation
where i is the stack current (A), S is the catalyst layer section area (m 2 ), n is the number of electrons involved in the reaction, α is the symmetry factor, and j 0 is the exchange current density (A/m 2 ). When η act is large, (4) becomes the well-known Tafel equation
The cell resistive losses V ohm are mainly due to the membrane resistance. These losses can be obtained by computing the membrane resistance expression using the Joule's law
where δ mem is the membrane thickness (m) and r(T, λ(z)) is the membrane local resistivity (Ωm).
B. Cell Fluidic Model
The fluidic dynamic response of fuel cells is generally due to the gas pressure dynamic in the fuel cell channels (cooling, cathode, and anode), which is given by the mass balance
where V ch is the volume of the channels (m 3 ), M gas is the gas molar mass (kg/mol), P cv is the gas pressure in the channels (Pa), and q fluid is the fluid mass flow(s) (kg/s) entering or leaving the channels.
The gas pressure drop in the channels due to the mechanical losses assuming a laminar flow can be expressed by the DarcyWeisbach equation
where D hydro is the channels hydraulic diameter (m), V s is the mean fluid velocity in the channels (m/s), ρ ch is the channels gas density (kg/m 3 ), L is the length of the channel (m), and Re is the fluid Reynolds number.
In the other side, the gas mass flow rate (kg/s) through the GDL is directly related to the stack current, as described by the following equations:q
The multigas diffusion of each species (oxygen, hydrogen, nitrogen, and water vapor) in the GDL can be described by the Stefan-Maxwell equation (12) where δ GDL is the GDL thickness (m), S is the GDL layer section area (m 2 ), P tot is the mean gas total pressure (Pa) in the GDL layer, M is the gas molar mass (kg/mol), b stands for species other than species a, and D ab is the binary diffusion coefficient between the species a and b (m 2 /s). In the membrane layer, the water content can be written as follows [18] :
where a H 2 O is the water activity, calculated from the partial water vapor pressure P H 2 O (Pa) and the water saturation pressure P sat (Pa).
The water balance in the membrane layer can be described by two different phenomena: the electroosmosic drag described by (14) , and the back diffusion described by (15) .
where n sat = 22 is the electroosmotic drag coefficient for maximum hydration condition, ρ dry is the dry density of the mem-
is the mean water diffusion coefficient in the membrane (m 2 /s), δ mem is the membrane thickness (m), λ A is the membrane water content of anode side, λ C is the membrane water content of cathode side, and M n is the equivalent mass of the membrane (kg/mol).
The total water mass flow (kg/s) in membrane can be then expressed as follows:
C. Cell Thermal Model
The thermal dynamic response of a fuel cell is due to the thermal capacity of each layer in the cell. This dynamic for each thermal control volume (CV) can be generally described as follows: (17) where ρ is the mean layer volume density (kg/m 3 ), V is the layer volume (m 3 ), C p is the layer thermal capacity (J/kg), anḋ Q stands for the different types of heat flow entering or leaving the layer volume (J/s): conduction, forced convection, natural convection, radiation, convective mass flow, and internal heating sources.
The heat flows between solid materials layers in the fuel cell stack are transferred by conduction according to the Fourier's LawQ
where λ m is the material thermal conductivity (W/mK), S is the contact area (m 2 ), and δ is the material thickness (m). The heat exchanges between the solid material and the forced fluid flow is described by the Newton cooling laẇ
where h fc is the forced convection heat transfer coefficient (W/m 2 K). In addition, considering the fuel cell bipolar plate size and the number of cells in one stack, the heat exchanges due to the natural convection and radiation is be considereḋ
where h nc r is the combined natural convection and radiation heat transfer coefficients (W/m 2 K), S ext is the external area of the bipolar plate (m 2 ), and T amb is the external temperature (K). The convective mass transport brings an additional heat flow into each layer
When the fuel cell stack produces electricity from the electrochemical reactions, the heat is also generated at the same time.
The main heat sources in the fuel cell are due to the irreversible losses in the electrochemical reaction and the resistive losses from the membrane resistance.
The main irreversible losses occur in the cathode catalyst layer: the entropy changes in the reaction and the activation losses. These losses can be calculated as follows:
where ΔS is the entropy change (J/mol). The fuel cell internal resistance is generally due to the polymer membrane resistance. Another heat source due to the resistive losses can be obtained according to the Joule's Laẇ
D. Fuel Cell Stack Model
The model is set and validated for an air cooled 1.2 kW 47 cells Ballard Nexa stack supplied by compressed air and pure hydrogen. The entire fuel cell stack is modeled by stacking N single-cell models together. Every single-cell model in the stack has the same physical model equations as presented earlier, but has different boundary conditions. The boundary conditions of cell k are obtained from the adjacent cells (k − 1 and k + 1).
E. Fuel Cell Auxiliaries Model
In addition to the fuel cell stack itself, the vision Ballard Nexa stack system needs some other auxiliary components, such as electronic control broad, air compressor, and cooling fan. In order to model the entire fuel cell stack system, the models of these components are needed. From the experimental data, the air compressor and cooling fan empirical mathematic model can be obtained.
1) Air Compressor Empirical Model:
In order to keep the air stoichiometry, the air compressor outlet flow rate (inlet of the cathode channels) of the Ballard Nexa fuel cell system depends directly on the stack current.
The relation between the stack current and the cathode air flow rate is obtained by experimentation as presented in Fig. 1 .
From experimental data, the relationship between the stack current and the cathode air inlet flow rate can be approximated by an empirical fourth-order polynomial equation
where N air inlet is the air inlet flow rate (slpm) in the cathode channels.
2) Cooling System Empirical Model:
The Ballard Nexa fuel cell system is cooled by a controlled cooling fan. The relation- ship between the fuel cell stack temperature and fan speed is shown in Fig. 2 .
From the experimental measurement, it can be clearly concluded that the fan speed control is divided into a constant speed zone (straight lines at the bottom) and regulated zone (the curve at high temperature), depending on the stack temperature, as shown in Table II. According to the manufacture datasheet, the Ballard Nexa stack cooling fan maximum flow rate is about 3600 slpm. From the experimental data, the empirical air cooling fan model of the Ballard Nexa fuel cell system can be then obtained.
F. Fuel Cell Dynamic Phenomena Analysis
In a fuel cell stack, different dynamic phenomena exist in electrical, fluidic, and thermal domains, as described in the previous section. In electrical domain, the dynamic is due to the double layer capacitance at the catalyst interface. In the fluidic domain, the dynamic is due to the channels volume and the water balance through the cathode and the anode. In the thermal domain, the dynamic is due to the heat generation and heat capacity of material.
Each dynamic of each domain expression can be approximated by a first-order system. Thus, from the equation analysis, the "time constant" expression of each dynamic phenomenon can be obtained. It should be noticed that the transient time of a first-order system is about four times its time constant.
1) Electrical Dynamics (Double Layer Capacitance):
From the electrical dynamic (3)-(5), the time-constant expression in the fuel cell electrical domain is the following:
In the Ballard Nexa 1.2 kW fuel cell stack, the double layer capacitance of the single cell is measured using experimental method. The value of this capacitance is about 150 F/m 2 . From the Ballard Nexa fuel cell stack characteristic data given in [16] , the electrical time constant in the Ballard Nexa fuel cell stack is found to be around 0.16 s.
2) Fluidic Dynamics (Gas Channels Dynamics): The first kind of dynamics in the fluidic domain are due to the channels gas volume.
The cooling, cathode, and anode channels pressure time constant in the fluidic domain can be obtained from (7)-(11) [16] :
In the Ballard Nexa 1.2 kW fuel cell stack, from the fuel cell gas supply channels geometry and gas property [16] , the cooling channels pressure time constant is found to be around 8.14 μs, the cathode channels pressure time constant is about 6.92 ms and the anode channels pressure time constant is about 25.1 ms. The anode time constant is much bigger than the cathode side, because the anode supply channels are longer in the Ballard Nexa system. This membrane water diffusion dynamic time constant in fluidic domain can be calculated according to the following equation:
where P sat is the water saturation pressure (Pa).
In the Ballard Nexa 1.2 kW fuel cell stack, assuming the nominal operating temperature 338.15 K, a maximum stack current of 40 A, the membrane properties given in [16] and the membrane water content, the membrane water dynamic time constant can be approximated between 0.0082 and 0.12 s.
4) Thermal Dynamics (Stack Thermal Capacities):
The thermal dynamics in the fuel cell are mostly due to the material thermal capacity and different heat fluxes, as mentioned in (17)- (23).
From these equations, the cell level temperature time constant in the thermal domain can be obtained 
In the Ballard Nexa 1.2 kW fuel cell stack, from the fuel cell stack properties data given in [16] , the fuel cell temperature dynamic time constant can be estimated to be between 37.15 and 124.3 s. Thus, the cell temperature transients can last about 497 s (8 min and 17 s).
5) Discussions:
From the previous dynamic analysis, the Ballard Nexa 1.2 kW fuel cell stack dynamic phenomena can be summarized in Table III .
It can be concluded that the thermal transient in the fuel cell is the most significant dynamic. The water diffusion through the membrane can be relatively fast or slow, because the water flux in the membrane depends on several variable physical quantities, such as membrane water content, stack current, cathode vapor pressure, and anode vapor pressure. But none of the electrical and fluidic dynamic transients last more than 1 s. Thus, from the point of view of a long-term model-based fuel cell simulation, the thermal dynamic phenomena is the most important because the thermal dynamic transient time is much bigger than those in the electrical and fluidic domains.
III. FUEL CELL STACK EMULATOR DESIGN
Based on the real-time model simulation, the design of a fuel cell emulator is introduced hereafter. The fuel cell stack voltage is emulated by a classical controlled dc/dc buck converter connected to the proposed multiphysical fuel cell system model.
A. Real-Time Model Implementation
The governing physical equations presented in the previous section of fuel cell modeling can describe the fuel cell phenomena in different physical domains. However, these equations cannot be used directly for real-time simulation purpose in their present form. An appropriate equation arrangement and a suitable solution algorithm should be considered for program implementation.
For the portability and compatibility reason, the presented model is decided to be coded in C-language-based S-function for MATLAB/Simulink environment. In order to use a generic ordinary differential equations system solver algorithm (ODE solver), the model should be rearranged to a well-known nonlinear state-space representation as follows:
where x is the model dynamic state-variable vector,ẋ is the time derivative of state vector x, u is the input variable vector of model, y is the output vector of model, and A, B, C, and D are the nonlinear coefficients matrix obtained from the proposed physical equations in nonlinear model. The state vector of present model contains all dynamic variables in each cell (please refer to dynamic equations in modeling section), which can be described in (30).
Each cell in stack has the same state-variable structure with different numerical values, because the physical equations that describe each cell are the same, but the boundary conditions of each cell are different. Thus, the derivative state vectorẋ can be expressed as follows:
The model input vector describes the external boundary conditions applied to the fuel cell stack model in different physical domains. These boundary conditions can be described as follows:
And at last, the output vector y contains all the desired fuel cell variables (dynamic or static) for further use at outside of simulation. An example of y can be seen in the following: Once the model structure is generalized, an appropriate ODE solver algorithm should be applied for the current model, in order to resolve this complex differential equations system. For the nonlinear model stability consideration, an implicit solver, which is proposed by MATLAB/Simulink environment, is used to resolve numerically and iteratively the presented statespace fuel cell stack model. The solver flow diagram for the current real-time model is presented in the Fig. 3 .
This proposed solver algorithm with the previous state-space model codes are then implemented in a commercial Opal-RT QNX-based real-time processor board via the real-time workshop interface.The Opal-RT system provides also a digital control area network (CAN) bus communication board. The values of output vector y from the model is sent to CAN communication driver at each time step, these values are then sent to the CAN bus of fuel cell emulator that will be described in the following section. The 2.8-GHz processor embedded in the Opal-RT system gives the real-time computation capacity for the current complex mathematical fuel cell stack model.
B. Emulator Structure With Digital Communication Bus
The actual fuel cell emulator structure is given in Fig. 4 . The fuel cell stack model communicates with the dc/dc buck power converter via a digital CAN bus. A 150-MHz DSP is used as a gateway between CAN message and converter driver, this DSP is used also as converter controller (see Section III-E for more details). The converter is connected to an active load. The actual current value in the load is measured by a current sensor connected at the output of the power converter. The measured current value is then sent to the CAN bus and to the real-time model to compute the corresponding voltage reference. With the given load current, the corresponding fuel cell stack output voltage is computed by the fuel cell model and its value is sent back to the dc/dc converter. Then, the embedded controller regulates the converter voltage to meet the desired voltage output.
The gate driver/insulated gate bipolar transistor (IGBT) for this converter is an available commercial Semikron unit. The gate driver is matched to the transistor. The converter design for optimization of switching losses, or anything related to the gate driver is not considered in this paper, because this paper deals with the low-frequency bandwidth of the fuel cell transient response and gate driver/transistor switching is subject of circuit design, which is considered to be properly done by the manufacturers.
It has to be noted that, all the model predicted quantities (electrical, fluidic, and thermal) are sent to the CAN bus continuously, despite they are required by the emulator or not (e.g., in the actual emulator, only the stack voltage value is required for the dc/dc converter). These state variables, such as individual cell temperatures or membrane water content, which can be got from the CAN bus, can be used in the fuel cell stack supervision interface.
C. Buck Converter Design for the Emulator Power Interface
A typical dc/dc buck converter is used to control the power of the fuel cell emulator, as shown in Fig. 5 .
As discussed in the previous sections, the thermal dynamic is the most important dynamic behavior. The temperature transients can last some minutes, which is much longer than others dynamics. Thus, for a fuel cell stack emulation, the thermal dynamics should be able to be reproduced by the dc/dc converter. The power output of the designed converter is set to 1.2 kW with a voltage ranging from 20 to 50 V and a current between 1 and 50 A. Even all other kind of dynamics can be well predicted by the real-time model, the voltage dynamics due to transient phenomena below 100 ms cannot be easily reproduced by a conventional buck converter with a 10-kHz pulsewidth modulation (PWM) and a maximum voltage ripple requirement of about 1% [19] . Thus, only phenomena with dynamic transient times larger than 100 ms have been considered. It means that the converter has to be able to answer ten times faster than the reference voltage variations caused by fuel cell transient, i.e., in less than 10 ms (cutoff frequency larger than 100 Hz).
D. Converter L and C Conditioning 1) Converter Inductance:
The converter inductance value is calculated from the converter minimum current, in order to ensure that the converter is always working in continuousconduction mode (CCM). CCM is required for a linear operation of the converter, and the minimum current is guaranteed by the auxiliary power required to run a fuel cell.
In order to match the fuel cell stack voltage range, the expected converter output voltage is between 20 and 50 V. Thus, the expected duty cycle range of IGBT is between 30% and 80%.
In order to calculate the values of the output filter (inductance and capacitance) for the buck converter, the PWM period time T PW M (s), the converter supply voltage V d (V), and the converter minimum current I min (A) are required. Knowing these values, the minimum value of inductance can be obtained [19] 
Thus, L = 1 mH is chosen for the converter.
2) Converter Capacitance:
The converter capacitance value should be chosen to meet the converter dynamic response needs. With the fixed inductance value L (H) and the converter minimum cutoff frequency f c,min (Hz), the maximum value of the converter capacitance can be obtained
On the other hand, the capacitance is also used to filter the converter output voltage ripple. Generally, the dc/dc converter output voltage ripple should be less than 1% of the output voltage
Thus, the minimum capacitance value can be obtained [19] C
From (35) and (37), C = 680 μF is chosen for converter.
E. Buck Converter Real-Time Control Implementation
The buck converter (IGBT switch) is controlled by a classic proportional integral (PI) closed loop with an antiwindup feedback. The PI loop controls the converter voltage output from the reference voltage calculated by the multiphysical model. The controller is embedded in a 150-MHz DSP board. The same DSP is used also as a gateway of the CAN bus and the power converter. The DSP receives the desired voltage value from the model via the CAN bus, computes the corresponding duty cycle value, and then, generates the PWM output for the driver of the converter.
The inductance and capacitance values were chosen to match the dynamics of the fuel cell response, based on experimental evaluation of a fuel cell transient response, as discussed in previous section. The PI controllers were fine tuned and debugged using the real-time prototyping interface of dSpace, and extensive experimentation confirmed the stability and optimized response. More detail in this subject can be found in [20] .
The controller parameters K p , K i , and K t (antiwindup) are adjusted during experimentation using the experimental Ziegler-Nichols tuning rule [21] .
It should be noted that the converter conditioning and design are not the major concern of this paper. For further reading, a more analytically and detailed fuel cell-related power converter design can be found in a recent paper [22] .
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Experimental Setup
The experimental platform of Ballard Nexa stack is presented in Fig. 6 .
The Ballard Nexa stack is a ultra compact fuel cell system that has 47 individual cells connected in series. The embedded control board communicates via RS232 with the supervision software provided by Ballard. This software can provide some important stack parameters during the stack operation, such as stack current, stack voltage, cathode temperature, gas pressure, fan speed, etc. In addition to this supervision software, two supplementary experimental devices were added in this test platform. First, a National Instrument 60 channels differential voltage measurement DAQmx system is implemented on the stack to measure the individual cells voltage. The measured voltages data are collected and treated in a Labview environment. Second, a professional forward looking infrared (FLIR) infrared camera is set on the top of the stack to measure the individual cells temperature. This camera capture infrared images of the stack every second during the stack operation. These images can be then treated by a dedicated FLIR software to extract the temperature of predefined measurement points. The synchronization between the Ballard software, the Labview environment, and the FLIR camera is done by the synchronized real-time clock in each device.
The stack is connected to an electronic load. The load is running under current control mode. Different current profiles are set by the load, this profiles can be applied automatically to the stack during operation.
The photograph of the experimental emulator setup is shown in Fig. 7 . The CAN bus-based supervision interface can record the data sent by the model or measured on the power converter. The same electronic load is connected to the emulator for the emulator tests. The load reproduces exactly the same prerecorded current profiles than the ones used in the real-stack tests. Thus, the emulator can be compared to the real stack using exactly the same current profiles.
B. Results and Discussions
The model and the emulator have been validated temporally and experimentally with the Ballard Nexa 1.2 kW 47 cells fuel cell stack system. The test stack current profile of about 900 s is shown in Fig. 8 . This profile, covering currents from 5 to 35 A, is also applied to the proposed multiphysical fuel cell stack model for model validations. Based on the stack current, the model fuel cell stack voltage value is then used by the buck converter controller in order to emulate the real-stack power output characteristics.
The real-stack voltage, the predicted stack voltage by the model and the emulator converter output voltage are shown and compared in Fig. 9 . From Fig. 9 , it can be concluded that the model prediction is very close to the experimental measurement. The max prediction error is less than 1.2 V, which gives less than 4% of relative error. It can be also found that the emulator output voltage based on the model prediction is very close to the model predicted one over the whole current range. A zoom-in at about 50 s (first transient) for these three curves is given in Fig. 10 in order to give a clearer comparison.
In addition to the real-stack electrical power output emulation with the dc/dc converter, the model itself can predict much more fuel cell state variables then the stack voltage. Beside the model temporal prediction, the spatial distribution of the fuel cell stack physicals can be also obtained from the proposed model. Fig. 11 shows the stack individual cell voltages prediction at 230 s. The predicted value have a good accuracy compared to experimental data.
In the thermal domain, the measured temperatures of individual cells are compared to the model predicted ones, as shown in Fig. 12(a) and (b) . The stack spatial and temporal evolution is well reproduced by the model. The slight differences between the simulation and the experimentation are due to the measurement method: the measured cell temperature is the single-cell bipolar plate surface temperature, but in the model, the temperature is the single-cell average temperature. The given model is a 1-D fuel cell model; thus, the nonuniform temperature distribution is not considered in the other two axes. A more accurate model validation in the thermal domain is given in Fig. 13 . The measured cathode air outlet temperature is compared to the model result. It can be concluded that the thermal transient behavior is accurately predicted by the model.
V. CONCLUSION
In this paper, a dynamic multiphysical fuel cell stack model is presented. The model emcompasses electrical, fluidic, and thermal domains. The modeling approach has been validated against a Ballard Nexa 1.2 kW fuel cell system. Based on experimental data, the system auxiliaries empirical models, such as cathode air compressor and cooling system, is also introduced.
The model is developed for real-time simulation purposes in HiL applications. A cross-domain fuel cell dynamic behavior analysis is presented and the dynamic time-constant analytical expressions are given. The results show that in the fuel cell stack, the thermal dynamics are the most significant ones. Based on the real-time model and dynamic behavior analysis, a novel fuel cell emulator structure with a CAN communication bus is proposed. The fuel cell stack power output is emulated using a dc/dc buck converter. The converter is designed to meet the real-fuel cell dynamic responses.
However, due to the power converter switching frequency and the error requirements, the dynamics that have a transient time less than 100 ms are, therefore, not taken into account for the final fuel cell emulator power output, because these dynamics are difficult to be reproduced by a conventional power converter. It should be noted that these dynamics are relatively short compared to the significant thermal dynamic effect for long-time period.
According to the results in Table III , if all the dynamic effects in a fuel cell would be reproduced by the emulator, the power converter should be able to respond in 1 μs with a good accuracy (1 MHz) from low power up to some kilowatts. A typical conventional converter cannot achieve this goal. For future improvements, a new converter with nonlinear control method should be considered and tested.
The model results show a great accuracy with experimental measurements in different domains and the real-time model itself can predict nonmeasurable physical quantities during the fuel cell operation. The emulator power output has also been validated for a real-stack data with a very good agreement. Such an emulator is of great interest for real-time HiL applications and it is envisioned that this emulator can contribute for real experiments, studies, and design with realistic results without a fuel cell stack and all the required installations and auxiliaries required for a fuel cell to operate.
